Objectives: Antioxidant nutrients like carotenoids, tocopherols and vitamin C have been suggested to protect against allergic rhinitis and allergic sensitisation but scientific evidence is scarce. The aims of the study were to measure the plasma concentration of six carotenoids, a-and g-tocopherol and vitamin C as biomarkers of the intake, absorption and subsequent metabolism of these nutrients, and to assess their association with allergic rhinitis and sensitisation. Method: Data from a cross-sectional study on representative dietary and lifestyle habits of the population of Bavaria, Germany, were analysed. The plasma levels of six carotenoids (a-carotene, b-carotene, lycopene, lutein/zeaxanthin, canthaxanthin and cryptoxanthin) as well as of a-tocopherol, g-tocopherol and vitamin C were measured in 547 adults aged between 19 and 81 years. Participants with specific serum immunoglobulin E $700 U l 21 were categorised as sensitised. The association of plasma antioxidant levels, allergic rhinitis and allergic sensitisation was assessed by means of unconditional logistic regression models. Results: We observed a negative association between plasma total carotenoids and the prevalence of allergic rhinitis, with odds ratio (95% confidence interval) of 1.13 (0.54 -2.39) for the second, 0.72 (0.33-1.58) for the third and 0.44 (0.19-1.03) for the fourth quartile of total carotenoids concentration (P for trend ¼ 0.0332); results for lycopene failed to reach statistical significance (P ¼ 0.0608). Other single carotenoids, tocopherols and vitamin C were unrelated to allergic rhinitis. Allergic sensitisation was negatively associated with plasma g-tocopherol, with odds ratio (95% confidence interval) of 0.92 (0.51 -1.65) for the second, 1.00 (0.56-1.80) for the third and 0.45 (0.23 -0.88) for the fourth quartile of plasma g-tocopherol concentration (P for trend ¼ 0.0410). No other antioxidant was significantly related to allergic sensitisation. Conclusions: High plasma carotenoid concentrations reflecting a diet high in various fruits and vegetables might have a protective effect on allergic rhinitis in adulthood.
In the last few decades Western countries have witnessed increased prevalences of allergic diseases like hay fever and asthma 1, 2 , although very recent results suggest a flattening of rising asthma incidence in affluent societies 3 -5 . Because dietary factors like the intake of antioxidants also changed during the same period, it has been postulated that antioxidants might influence the development of allergic diseases 6 -8 . Additionally there is evidence that allergic diseases are mediated by oxidative stress, which results from an imbalance between reactive oxygen and nitrogen species and antioxidants 9 . These oxidants are capable of modifying lipids, proteins and nucleic acids 10 . All cells in the human body, including those of the respiratory tract, are constantly exposed to reactive oxygen and nitrogen species from endogenous and exogenous sources. Enzymatic as well as non-enzymatic antioxidants contribute to the antioxidant defence system in mammals. Carotenoids, vitamin E and vitamin C belong to the non-enzymatic antioxidants, and main food sources are fruit and vegetables as well as vegetable oils in the case of vitamin E. Beside their antioxidant properties, vitamin E and vitamin C are supposed to have other antiallergic effects. Vitamin E is thought to act by inhibition of immunoglobulin E (IgE) production and membrane stabilisation 11, 12 , vitamin C by inhibition of specific prostaglandin synthesis 8, 11 . It is hypothesised that a low intake of these micronutrients might contribute to the rising prevalence rates of allergic diseases 7, 9 . Studies on the relationship between allergic sensitisation and respectively serum vitamin E 13 and dietary intake of vitamin E 14 show a negative association. The only study with prospective design on the influence of dietary intake of these micronutrients on hay fever reported a negative association of vitamin E intake and a positive association of b-carotene intake with adult onset of hay fever in ex-and current smokers, but no association of these antioxidants or vitamin C in non-smokers 15 .
In the present paper we focus on the contribution of carotenoids, tocopherols and vitamin C in plasma to allergic rhinitis and allergic sensitisation, and use the plasma concentration of these micronutrients as a marker of intake, absorption and subsequent metabolism.
Materials and methods

Study design
The Bavarian Nutrition Survey II (BVS II) was conducted between September 2002 and June 2003 to collect current and representative data on dietary and lifestyle habits of the Bavarian population. From the basic population of Bavaria (in the south of Germany) aged 13 -81 years, 1050 persons were recruited by a three-stage random route sampling procedure. Initially, data on subject characteristics, lifestyle, socio-economic and health status were collected by means of a computer-aided personal interview. Subsequently, dietary intake was assessed within 14 days with three 24-hour diet recalls by telephone (two weekdays and one weekend day) using the software EPIC-SOFT 16 . Within 6 weeks of recruitment all adults ($ 18 years) who completed a least one 24-hour dietary recall (n ¼ 879) were invited to their nearest health office for blood sampling and standardised anthropometric measurements. Blood samples for further analysis of IgE and carotenoids, tocopherols and vitamin C were obtained from 568 participants. All participants gave their written informed consent. The study was approved by the local ethics committee.
Allergic rhinitis and allergic sensitisation
During the computer-aided personal interview, study participants were asked about 21 common diseases ('Have you ever had one of the following diseases diagnosed by a physician?'). Seventy-seven participants answered 'yes' to the question on allergic rhinitis. Because only 34 participants answered 'yes' to the question on asthma, we did not analyse this outcome variable in our study.
Allergic sensitisation to common aeroallergens (timothy, rye, birch, mugwort pollen, house dust mite Dermatophagoides pteronyssinus, cat and dog epithelia, Cladosporium herbarum mould) was assessed by specific serum IgE measurement using the CAPSX1 in vitro screening test (Pharmacia Upjohn, Uppsala, Sweden). Subjects with at least one specific IgE $ 700 U l 21 were categorised as sensitised.
Measurement of carotenoids, tocopherols, vitamin C and cholesterol in plasma Aliquots of ethylenediaminetetraacetic acid-stabilised plasma samples were analysed for a-carotene, b-carotene, lycopene, lutein/zeaxanthin, canthaxanthin and cryptoxanthin, as well as a-and g-tocopherol, by means of highperformance liquid chromatography -ultraviolet/visible spectrophotometry according to a described method 17 . Calculations were made using the internal standard method and relative response factors. As internal standards, b-apo-8 0 -carotenoic acid ethyl ester and DL-atocopheryl acetate were added. Recovery of the standard substances from plasma samples was within 94 and 107%, with coefficients of variation , 2.3% (n ¼ 5).
Vitamin C content of plasma samples was determined photometrically according to the method of Speitling et al. 18 . Ascorbic acid standard solution (Sigma, Deisenhofen, Germany) was taken for calibration and quality control. Mean recovery of ascorbic acid added to plasma samples (n ¼ 7) was 101.6%, with a coefficient of variation of 0.7%.
Plasma total cholesterol concentration was analysed enzymatically using a standard test combination (Roche Diagnostics GmbH, Mannheim, Germany). For calibration and quality control Precinorm L w and C.f.a.s. Lipids w , respectively, were used.
Due to analytical problems within one batch of samples, vitamin C concentrations of 17 samples are missing. In these samples, only half the amount of trichloroacetic acid necessary for protein precipitation was added. This mistake could not be corrected afterwards since precipitation should be done in fresh samples.
Statistical analysis
Continuous data are presented as mean^standard deviation (SD) and the Wilcoxon test was used to test for significant differences between women and men. Differences in categorical variables between women and men were assessed by the chi-square test. A two-tailed P-value of , 0.05 was required for statistical significance.
The association between plasma carotenoid, tocopherol and vitamin C concentrations and allergic rhinitis or allergic sensitisation was assessed by using logistic regression models. For each micronutrient, plasma concentrations of the entire population were used to define cut-off points of quartiles. Odds ratios (OR) and 95% confidence intervals (CI) were adjusted for sex, age, body mass index (BMI, kg m 22 ), education (low/middle/high), smoking status (never/ex/current), sports activity in leisure time (yes/no) and season (spring/summer/autumn/winter). For the fat-soluble carotenoids and tocopherols we adjusted additionally for plasma cholesterol. Where statistically significant associations were found between allergic sensitisation and antioxidants in plasma we conducted an analysis stratified for age (participants 50 years or younger vs. older participants) and sex. Because there were only 20 men and 27 participants older than 50 years who suffered from allergic rhinitis in our study population, we analysed the association between allergic rhinitis and the antioxidants only in women and younger participants when results were significant. In an additional analysis we assessed the association between the ratios b-carotene/cholesterol and a-tocopherol/cholesterol and allergic rhinitis and allergic sensitisation. P for trend was assessed by setting the numerically coded quartiles as continuous variables in the model. Correlations between dietary intake of b-carotene, a-tocopherol and vitamin E (tocopherol equivalents) and concentrations of b-carotene and tocopherols in plasma were calculated using Spearman's correlation coefficients.
SAS version 8.2 was used for all calculations (SAS Institute, Cary, NC, USA). Table 1 shows the basic characteristics of the study population. Women were significantly younger and had lower BMI and energy intake than men. The prevalence of allergic rhinitis was nearly twice as high in women as in men, whereas the prevalence of allergic sensitisation did not differ significantly between sexes. Mean (^SD) concentrations of the measured carotenoids, tocopherols and vitamin C in plasma are shown in Table 2 . All differed significantly between sexes except for lutein/zeaxanthin. a-Carotene, b-carotene, lutein/zeaxanthin, canthaxanthin and cryptoxanthin were right-skewed, whereas lycopene, a-tocopherol, g-tocopherol, vitamin C and the sum of carotenoids were normally distributed in both sexes. Table 3 shows cut-offs for quartiles of the six measured carotenoids and their sum, a-and g-tocopherol and vitamin C in plasma, and adjusted OR and corresponding 95% CI for the association between these micronutrients and allergic rhinitis in the total population. We observed a negative association between the sum of carotenoids in plasma and allergic rhinitis (P for trend ¼ 0.0332) which became stronger when we analysed only participants who were 50 years or younger, with OR (95% CI) of 0.98 (0.36-2.68) for the second, 0.67 (0.24-1.87) for the third and 0.28 (0.09 -0.88) for the fourth quartile of plasma total carotenoids concentration (P for trend ¼ 0.0218, data not shown). Lycopene, the carotenoid which contributes the largest fraction to the sum of carotenoids, was also negatively associated with allergic rhinitis, although not reaching statistical significance (P for trend ¼ 0.0608).
Results
Neither the other carotenoids nor the tocopherols or vitamin C showed any association with allergic rhinitis. Results did not change significantly when we calculated the ratios b-carotene/cholesterol and a-tocopherol/cholesterol (data not shown).
The association between the six measured carotenoids and their sum, a-and g-tocopherol and vitamin C in plasma and allergic sensitisation in the total population is shown in Table 4 . Consistent with our finding on allergic rhinitis, we observed a negative association between allergic sensitisation and the sum of carotenoids in plasma, but this was not statistically significant (P for trend ¼ 0.1492). Risk for allergic sensitisation was significantly lowered in the fourth quartile of g-tocopherol concentration in plasma, compared with the other quartiles (P for trend ¼ 0.0410). After stratification for sex, this association was significant in men (P for trend ¼ 0.0186) but not in women (P for trend ¼ 0.8437, data not shown). After stratification for age, the negative association between g-tocopherol and allergic sensitisation was significant in people aged 50 years or older (P for trend ¼ 0.0054) but not in the younger age group (P for trend ¼ 0.8829). None of the single carotenoids, * Defined as answering 'yes' to the question 'Has a doctor ever diagnosed one of the following diseases: . . . allergic rhinitis?' † First quartile was set as the reference category. ‡ Adjusted for sex, age (continuous), education (low, middle, high), smoking status (never, ex, current), body mass index (continuous), sports activity (yes/no), season (spring, summer, autumn, winter) and plasma cholesterol (mmol l 21 ). § Adjusted for sex, age (continuous), education (low, middle, high), smoking status (never, ex, current), body mass index (continuous), sports activity (yes/no) and season (spring, summer, autumn, winter). a-tocopherol or vitamin C in plasma showed a significant influence on allergic sensitisation. Results did not change significantly when we restricted the analysis to people younger than 50 years (data not shown).
Calculating the ratios b-carotene/cholesterol and a-tocopherol/cholesterol did not significantly alter the results for these two micronutrients (data not shown).
Dietary intake of b-carotene, a-tocopherol or vitamin E (tocopherol equivalents) was not associated with allergic rhinitis or allergic sensitisation (data not shown).
The correlation between dietary intake and plasma concentration of the analysed nutrients was weak, with crude correlation coefficients of 0.14 for b-carotene and 2 0.01 for a-tocopherol. The crude correlation coefficient for vitamin E (tocopherol equivalents) intake and plasma a-tocopherol was 0.02, for vitamin E intake and plasma g-tocopherol was 0.01, and for vitamin E intake and the sum of a-tocopherol þ g-tocopherol in plasma was 0.02.
Relating plasma concentrations of b-carotene and the tocopherols to plasma cholesterol, correlation coefficients were 0.13 for b-carotene, 0.10 for a-tocopherol, 0.12 for vitamin E (tocopherol equivalents) intake and plasma a-tocopherol, 0.05 for vitamin E intake and plasma g-tocopherol, and 0.13 for vitamin E intake and the sum of plasma a-tocopherol þ g-tocopherol. Additionally, we analysed triglycerides in plasma from a sub-sample of 200 participants. Relating plasma concentrations of the antioxidants to plasma triglycerides, correlation coefficients were 0.11 for b-carotene, 0.04 for a-tocopherol, 0.05 for vitamin E (tocopherol equivalents) intake and plasma a-tocopherol, 0.05 for vitamin E intake and plasma g-tocopherol, and 0.05 for vitamin E intake and the sum of plasma a-tocopherol þ g-tocopherol (data not shown).
Discussion
In this study we investigated the association between the prevalence of allergic diseases in an adult population and plasma concentrations of carotenoids, tocopherols and vitamin C. Due to uncertainties in the bioavailability of carotenoids, concentrations of these compounds in plasma gives more valid information on the biologically * Defined as at least one specific immunoglobulin E $ 700 U l 21 . † First quartile was set as the reference category. ‡ Adjusted for sex, age (continuous), education (low, middle, high), smoking status (never, ex, current), body mass index (continuous), sports activity (yes/no), season (spring, summer, autumn, winter) and plasma cholesterol (mmol l 21 ). § Adjusted for sex, age (continuous), education (low, middle, high), smoking status (never, ex, current), body mass index (continuous), sports activity (yes/no) and season (spring, summer, autumn, winter).
available amount. Concentrations of g-tocopherol in plasma were slightly lower, and concentrations of a-tocopherol and vitamin C were slightly higher, than recently reported from a combined analysis of data from five European centres 19 . Compared with other studies, the plasma carotenoid concentrations in our study population are comparable to the lowest in Europe 19, 20 . To our knowledge this study is the first that analyses the association between plasma concentrations of these micronutrients and allergic rhinitis in adults. The sum of measured carotenoids was significantly negatively associated with allergic rhinitis and not significantly associated with allergic sensitisation. Although not reaching statistical significance, lycopene was also negatively associated with allergic rhinitis, which contributes to the overall carotenoid result. Between a-carotene in plasma and allergic rhinitis we found a positive association in the second quartile with an OR (95% CI) of 2.93 (1.34-6.43), whereas the odds were decreasing in the third and fourth quartiles, P for trend being 0.8476. This observation might be due to measurement error, because plasma concentrations of a-carotene were relatively low in our study population. Whereas b-carotene showed no influence on allergic rhinitis in our study, Nagel et al. found a positive association between b-carotene intake over the last year before recruitment and adult-onset hay fever in ex-and current smokers, but not in non-smokers 15 . Because the number of smokers with allergic rhinitis was too small in our study, we could not stratify for smokers and nonsmokers. Allergic sensitisation, assessed by skin prick test, was negatively associated with serum a-carotene and cryptoxanthin and positively associated with serum lycopene in a large US study population 13 but not in our study. Carotenoid levels in blood are sensitive markers for dietary intake, because they are not closely regulated by homeostatic mechanisms 21 . However, several factors influence carotenoid concentrations in plasma; for example, the mode of preparation of food and the composition of the diet have an important impact on the bioavailability of carotenoids. Smoking, high ethanol consumption and gender modify their metabolism 22 . Therefore, correlations between dietary intake and blood levels were only modest (r , 0.5) in most studies 10 . A high concentration of the sum of six carotenoids in plasma, which was negatively associated with allergic rhinitis in our study, might be an indicator for a diet rich in various fruits and vegetables. Possibly, additive and synergistic effects of bioactive compounds in fruit and vegetables might be responsible for our findings. Negative associations between fruit consumption and allergic diseases have been reported from several studies 23 -26 . Whereas plasma a-tocopherol was not associated with allergic rhinitis or sensitisation, we found a negative association between g-tocopherol and allergic sensitisation. In a study on a US population, serum vitamin E was negatively associated with allergic sensitisation assessed by skin prick test 13 , which is consistent with the results of the study of Fogarty et al., who observed a negative association between dietary intake of vitamin E and allergic sensitisation 14 . Nagel et al. observed a decreased risk of adult-onset hay fever with increasing intake of vitamin E 15 . On the other hand, Woods et al. found no association between dietary intake of vitamin E and atopy assessed by skin prick test 24 . In a clinical study patients with seasonal allergic rhinitis reported an improvement in the nasal symptoms after high doses of vitamin E (800 mg day 21 ), but this was not confirmed by the investigators who evaluated the patients. The percentage of days with serious symptoms or use of medications was not reduced after vitamin E supplementation 27 . One possible explanation for the inconsistent results on a-tocopherol and vitamin E respectively is the selective incorporation of a-tocopherol into very-low-density lipoproteins. A specific protein in the liver, a-tocopherol transfer protein, selectively sorts out a-tocopherol from other tocopherols 28 and, therefore, the concentration of a-tocopherol in plasma reflects dietary intake of a-tocopherol to a very modest degree 10, 21, 28 . The protective effects of high intake of vitamin E on allergic diseases observed in epidemiological studies might be a marker for a certain lifestyle including high consumption of fruits and vegetables, vegetable oils and whole-grain products. Another explanation might be that a-and g-tocopherol have different effects on allergic diseases. In studies conducted so far, associations have only been assessed between vitamin E and a-tocopherol, respectively, and allergic diseases, but not between g-tocopherol and these diseases. In the fourth quartile of plasma g-tocopherol concentration we observed a significantly decreased risk for allergic sensitisation. g-Tocopherol is thought to be more effective in detoxifying nitrogen dioxide and exhibits greater anti-inflammatory effects than a-tocopherol in vitro 29 -32 . In Northern America, where g-tocopherol accounts for approximately 70% of the vitamin E in the diet 31, 32 , serum concentrations are much higher than in our population. Huang et al. reported a median serum g-tocopherol concentration of 2.30 mmol l 21 in their study population 32 , a concentration which is achieved by only 7% of our study population (median concentration of 1.10 mmol l 21 ). A recently published nested case -control study on breast cancer with women enrolled in the Nurses' Health Study measured a median plasma g-tocopherol concentration of 4.39 mmol l 21 in the control group 33 , which is achieved by only one woman in our study. Median concentrations of a-tocopherol were slightly lower in the two US studies at 27.2 and 26.69 mmol l 21 (reference 32 and 33, respectively). Therefore, concentrations of g-tocopherol in our study population might be too low to see effects already in the second and third quartiles and further effects in all subgroups by gender or age. McKeever et al.
13
conducted their study on a US population with a probably higher dietary intake and proportion of g-tocopherol in serum than our study population, which might be the explanation for the negative association they observed between serum vitamin E and allergic sensitisation. In our study plasma vitamin C showed no association with allergic rhinitis or allergic sensitisation, which is consistent with the results of McKeever et al. on the association between serum vitamin C and allergic sensitisation 13 . Studies on dietary intake of vitamin C also failed to find an association with adult-onset hay fever 15 and allergic sensitisation 23 . There are some limitations of our study that should be considered. Because of the cross-sectional nature of our study we cannot exclude reverse causality. We measured vitamins in plasma at one point in time, which does not necessarily reflect vitamin status at the time the disease evolved. Participants might have changed their diet after the disease occurred or vitamin status might be affected by the disease itself. Participants were not necessarily fasting when blood samples were drawn. The age of our study population ranges from 18 to 81 years, which is very large, but we do not think that this causes a major problem. In an age-stratified analysis on allergic sensitisation results did not differ significantly between people who were 50 years or older and younger people, except for g-tocopherol.
A critical point is the low prevalence of allergic rhinitis in men, which is only half that of women, whereas allergic sensitisation is more prevalent in men, but we have no explanation for this difference. We conducted a secondary analysis that was not planned when the study was designed. Therefore, exact calculations on sample size and power have not been conducted in this analysis and our results need to be interpreted with caution.
Summarising the results, our finding of a negative association between the sum of six measured carotenoids and allergic rhinitis suggests that a high intake of various fruit and vegetables might reduce the risk for allergic diseases. The results of a negative association between g-tocopherol, but not a-tocopherol, in plasma might signify a different role of these two tocopherols in allergic sensitisation. It would be interesting to investigate the two tocopherols separately in future studies, especially in countries with high dietary intake of g-tocopherol.
